Abstract Diamond films have great potential for micro-electro-mechanical system (MEMS) application. For device realization, precise patterning of diamond films at micrometer scale is indispensable. In this paper, simple and facile methods will be demonstrated for smart patterning of diamond films, in which two etching techniques, i.e., plasma dry etching and chemical wet etching (including isotropic-etching and anisotropic-etching) have been developed for obtaining diamond microstructures with different morphology demands. Free-standing diamond micro-gears and micro-combs were achieved as examples by using the experimental procedures. It is confirmed that as-designed diamond structures with a straight side wall and a distinct boundary can be fabricated effectively and efficiently by using such methods.
Introduction
Currently, most micro-electro-mechanical system (MEMS) devices are fabricated with silicon (Si) due to the availability of the micro-processing technology, such as lithography and etching, derived from integrated circuit (IC) microelectronics. Although Si is widely used for various applications, its low toughness, low creep strength, low wear resistance, and high friction coefficient limit its use in certain areas, such as micro-gears, which require surfaces to contact and slide against each other. In such cases, the tribological properties of device surfaces play the key role in function realization. Diamond and diamond-like amorphous carbon, possessing excellent tribological properties, lowstiction (hydrophobic) surfaces, chemical inertness, and high elastic modulus, are prominent candidate materials for MEMS application [1∼9] . Nevertheless, due to the extremely high resistance to chemical attack of diamond films, traditional lithography and etching methods for patterning are either ineffective or laborious, and few studies have been reported on the fabrication of diamond microstructures, especially for those that can serve as a free-standing structure [10∼13] . In short, optimization of the patterning recipe and procedure for preparing diamond microstructures are required for large-scale practical application.
The diamond film samples employed in this study are deposited by using the hot filament chemical vapor deposition (HFCVD) technique. A simple patterning method combining dry and wet etching techniques is developed for device fabrication using diamond films.
Furthermore, by using different wet etching solutions, free-standing and substrate-supporting microstructures can be achieved in terms of pre-designing.
Experiments

Deposition of diamond film
The diamond coatings were deposited onto Si substrates by using an HFCVD system. The temperatures of the filament and substrate were ∼2200 o C and ∼800 o C, respectively. Diamond powder was used for substrate pre-coarsing. The processing gases were CH 4 and H 2 with a mole ratio of 3 : 100 and the pressure during deposition was kept at 1500 Pa.
Patterning
A schematic diagram of the experimental steps for the diamond microstructure fabrication is shown in Fig. 1 . Initially, the diamond films were cleaned and baked on a hotplate (100 o C for 15 min) to remove any moisture adsorbed in the films. Then, an Al metal mask (150 nm) was sputtered onto the films and the photoresists (positive photoresist AZ 9260) were coated on the mask by spin coating. After soft baking and UV exposure, the wafers were immersed in a 0.4% KOH solution and rinsed with de-ionized water. The patterned wafers were then dried under nitrogen airflow and hard baked at 90 o C for 100 s. After photo-lithography, a mixture solution of phosphoric acid (H 3 PO 4 ), nitric ZHANG Jicheng et al.: Fabrication of Diamond Microstructures by Using Dry and Wet Etching Methods acid (HNO 3 ), and acetic acid (CH 3 COOH) with a volume ratio of 77/3/20 was used for wet etching to transform the pattern to the Al metal mask, which can serve as the mask for etching the diamond films. 
Reactive ion etching of the diamond films
Then the specimens were dry etched in an electron cyclotron resonance microwave plasma (ECRMP) reactive ion etching system, in which oxygen and argon were used as gas sources. The typical etching conditions were as follows: background pressure was 5 × 10 −4 Pa, working pressure was 2.5 × 10 −1 Pa, oxygen/argon (volume ratio) = 4/1 and microwave power was 200 W.
Undercutting of the microstructure
to obtain designed devices
Isotropic wet etching in a mixture of HNO 3 and HF
The undercutting of the free-standing microstructure was carried out by using the isotropic wet etching method in a mixture of nitric acid (HNO 3 ) and 5% hydrofluoric acid (HF) with a volume ratio of 3/1.
Anisotropic wet etching in KOH solution
However, the undercutting of the sides is undesirable in some cases. In this regard, undercutting of the microstructure by anisotropic wet etching was undertaken by using KOH solution with a concentration of ∼40 wt.%. The etching of the samples was carried out at room temperature (23 o C) without any agitation.
Results and discussion
The main problems in achieving a diamond microstructure lie not only in preparing high quality diamond films, but also in establishing an efficient fabrication process. The first problem is the deposition of good quality diamond films. In this work, the HFCVD technique is used to produce diamond coatings. The thickness of the diamond films is about 4 µm, determined by the α-step measurements. Fig. 2 shows a typical Raman spectrum of such as-deposited diamond films. A strong peak at 1331 cm −1 and a weak shoulder around 1580 cm −1 can be observed, which indicates that the films' non-diamond phase is small and the quality of the diamond films is fairly high, making it suitable for MEMS applications.
Fig.2 Raman spectra of the as-deposited diamond films
The second problem is the fabrication process of devices with diamond films. Few studies have reported the fabrication of free-standing carbon structures [8∼11] . In the present study, diamond structures of micro-gears and micro-combs were successfully fabricated by steps of photo-lithography, reactive ion etching, and chemical wet etching. For the self-standing microstructures, a micro-gear was designed for demonstration. A distinct gear pattern on the Si substrate can be observed after the reactive ion etching (Fig. 3(a) ). By using the isotropic wet etching technique, a perfect (asdesigned) free-standing diamond micro-gear can be obtained. Fig. 3(b) and (c) show a white light microscopic image of a free-standing diamond micro-gear placed on a glass substrate and adhered to a hair, respectively. On the other hand, substrate-supporting microstructures can be obtained by the anisotropic wet etching method. After dry etching of diamond films, a time controlled wet etching of the sacrificial layer (silicon substrate) by KOH solution is employed to release the diamond structures. The SEM images of the diamond micro-comb after 42 h of etching are shown in Fig. 4 . It has etched an approximately 60 µm depth of the Si substrate, which is measured by a white light interferometer. This undoubtedly suggests that it is possible to fabricate a diamond cantilever and comb of any dimensions by controlling the etching parameters, such as etching time and temperature. We observed that the undercutting of the diamond microstructure by isotropic wet etching was much faster than by anisotropic wet etching. However, as mentioned earlier, the anisotropic etching in approximately 40 wt.% of KOH was carried out mainly to obtain the flat surface beneath the structure. The anisotropic etching rate was approximately 1.45 µm/h, which depends mainly on the concentration and the solution temperature. The etching rate can be further increased by carrying out the etching at a higher temperature with agitation.
One should note that, in the present experiments, Al thin film served as metal mask during reactive ion beam etching. Mixture gases of oxygen (O 2 ) and argon (Ar) were adopted as the reactive gas, which is cheaper and safer than the use of Xe and NO 2 reported in previous work. And the patterned films have steeper side-walls than previous etching results. Especially, the process is simple and compatible with the IC process. Diamond film patterns on any diamond coated substrates can be obtained by using the dry etching method.
The present experiments emphasized how to put the patterned diamond films for practical MEMS application. It can be confirmed from the results that by using the patterning techniques mentioned above, diamond film patterns with dimensions and gaps of a few ten micrometers can be formed. Therefore, these techniques for diamond film patterning combined with other related micro-fabrication technologies, such as a sacrificial layer and Si bulk micromachining technologies, should be useful for some diamond devices used in harsh environments in which Si materials cannot satisfy the demands.
Conclusion
The designed diamond microstructures, including a free-standing micro-gear and a cantilevering microcomb, were successfully fabricated by using plasma dry etching and chemical wet etching methods. The study reveals that the diamond films prepared by HFCVD can be used for the microstructure fabrication. The patterning procedures are simple and low-cost. Furthermore, the morphology of diamond microstructures can be precisely and easily controlled, making it quite promising for diamond micro-device fabrication and MEMS application.
